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ABSTRACT
Methane emissions from reindeer (Rangifer tarandus tarandus) fed lichens (mainly Cladonia
stellaris) and a concentrate feed were determined using open-circuit respirometry. The lichen
diet was low in crude protein (< 2.6% of dry matter [DM]), starch (6.0% DM) and acid
detergent lignin (2.0% DM) compared to the concentrate feed (12.7, 22.5 and 7.2% DM,
respectively), and high in neutral detergent fibre (82.2% DM versus 34.8% DM in concentrate
feed). The feeds were offered in equal amounts (ca. 0.440 kg DM) 2 h after initiating methane
recordings in the respiration chamber. The reindeer were adapted to these diets for
> 4 weeks prior to experiments and methane emissions recorded for two separate 23 h
periods for each diet. Methane emissions increased on average by 0.93 g/h (or by 5.8 times) in
the first hour after feeding the concentrate feed, while emissions remained unchanged after
the intake of lichens. Mean methane emissions from reindeer (n = 5) were 7.5 ± 0.54 (SE) g
CH4 day
−1 when fed lichens, compared to a higher emission (p = 0.001) of 11.2 ± 0.54 g CH4
day−1 on the concentrate diet. The mean proportion of gross energy intake lost as methane
was 5.2 ± 0.37% on the lichens and 7.6 ± 0.37%, or some 50% higher, on the concentrate
feed. This difference was significant (p < 0.001). Our results suggest that it is of environmental
importance to preserve the lichens on the tundra and minimize supplementary feeding with
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Introduction
Globally only about 40% of the total ice-free land area
is suitable for land agriculture. A further expansion of
crop and pasture land or an intensification of agricul-
ture is undesirable because this will contribute to the
loss of biodiversity, climate change, increased resource
use and pollution. Dietary change and decreases in
food waste are essential to reduce greenhouse gas
emission and provide global food security by 2050
(Bajzelj et al. 2014). As much as 8% of the land surface
is dominated by lichens, particularly in northern and
alpine areas (Nash 1996). Lichens are well known for
their high content of phenolic secondary compounds,
synthesized as a defense against consumption by her-
bivores and UV-B radiation (Ingolfsdottir 2002).
Reindeer (Rangifer tarandus), unlike most other rumi-
nants, are able to utilize lichens as an important source
of energy and nutrients in winter (Norberg et al. 2001;
Storeheier, Mathiesen, Tyler & Olsen 2002). About 2
million of the world population of reindeer are semi-
domesticated and herded between natural pastures
year around, in a sustainable transhumant system by
ethnic minorities in Russia and Fennoscandia (Turi
2002). Multiple drivers of environmental and social
change can be identified in the reindeer herders’ graz-
ing land in the Barents region and more change is
expected. Infrastructure development is currently the
most significant driver of change in land use and
climate change is an increasing threat to traditional
livelihoods (Degteva et al. 2017).
As ruminants, reindeer rely on a symbiotic relation-
ship with a diverse microflora of bacteria, ciliate pro-
tozoa, anaerobic fungi and methanogenic archaea in
their anaerobic rumen and hindgut, to utilize plant cell
wall carbohydrates (Sundset et al. 2007; Sundset et al.
2009a, 2009b). One of the end products of rumen
microbial fermentation is methane (CH4).
Methanogenesis is undertaken by methanogenic
archaea, which remove H2 from the fermentation to
reduce CO2 and form CH4. Emitted methane repre-
sents a loss of energy to the host animal, and also
contributes to the global greenhouse effect (Johnson
& Johnson 1995; Moss et al. 2000). Ways of modulat-
ing the rumen microbiota have been explored as an
approach to mitigating methane emission and thereby
curtail global warming (Eckard et al. 2010; Martin et al.
2010).
Several equations have been developed to predict
CH4 production in ruminants using data generated
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by respiration chamber studies of cattle and sheep.
The equations are based on DMI, level of feed intake
and energy digestibility, digestible carbohydrates, or
on a range of other dietary and animal factors (Kriss
1930; Blaxter & Clapperton 1965; Moe & Tyrrell
1979; Holter & Young 1992). Analysing a data set
including 289 means from 52 different studies, Ramin
& Huhtanen (2013) concluded that feed intake is the
main determinant of total methane production.
Furthermore, they showed that CH4 energy as a pro-
portion of GEI is negatively related to feeding level
and dietary fat concentration and positively related to
diet digestibility. Dietary carbohydrate composition
has only minor effects (Ramin & Huhtanen 2013).
Even though huge amounts of data are available
on methane emission from sheep and cattle, no data
have been published on methane emission from rein-
deer to date, apart from a pilot study by Gotaas &
Tyler (1994). Numbers of rumen methanogens are
generally lower in reindeer (Sundset et al. 2009b)
compared to those found in, e.g., cattle (Denman
et al. 2007; Evans et al. 2009; Hook et al. 2009).
This might indicate lower methane emission from
reindeer, as the density of methanogens in the
rumen is directly proportional to the production of
methane (Denman et al. 2007). The reindeer rumen
microbiome is affected by a highly seasonal environ-
ment and forage chemistry. The amount of methane
produced through rumen microbial digestion is
therefore also expected to vary with season and diet.
Little is known about the methanogenic archaea and
what factors influence their diversity, density and
methanogenesis in the reindeer rumen (Sundset
et al. 2009a, 2009b). Consequently, the main objective
of the present study was to measure and compare
methane emission from reindeer on two different
diets: one consisting of mixed lichen (mainly
Cladonia stellaris), the other a commercial concen-
trate feed based on grain and grass. The diets were
chosen because studies have shown that lichens may
account for up to 50% of the winter diet of reindeer
in some areas (Scotter 1967; Steen 1968; Gaare &
Skogland 1975; Boertje 1984). According to Inga
(2007), Holleman & Luick (1977) and Skogland
(1975), reindeer prefer lichens of the genus
Cladonia, while concentrate feeds are widely used as
supplementary feed among herders in Fennoscandia
(Tyler et al. 2007). The type used here (FK Reinfor) is
the only one produced for reindeer in Norway
(Josefsen & Sundset 2014).
Materials and methods
Animals
Five female semi-domesticated reindeer (1.5–2 yr of
age) were used in this experiment. The animals were
formerly owned and herded by Saami reindeer her-
ders. After collection from their herd in Tønsvika
outside Tromsø in northern Norway (69°N, 19°E),
the animals were transported to the animal research
facilities at the Department of Arctic and Marine
Biology at UiT. On arrival, the reindeer were
inspected by a veterinarian, given routine anti-para-
site treatment (10 ml Ivomec Oract [Merial]) and
tagged with numbered ear tags for identification.
Between experiments and the feed habituation peri-
ods, the reindeer were kept outdoors, or in indoor
pens under simulated photoperiod conditions corre-
sponding to 69°N, with ad libitum access to feed
(pellets and/or lichens) and water unless otherwise
stated. Their body mass was frequently measured and
their surroundings cleaned daily. As experiments
required that animals were handled and placed inside
a respirometry chamber, preparatory training and
habituation over many months was conducted. All
experiments were carried out in winter, with animals
in their full winter pelage.
Respirometry measurements
Enteric methane emission was measured in an open-
circuit respiration chamber system consisting of an
aluminium box (1.3 m3) with a transparent front. The
box was placed inside a climatic chamber at a tem-
perature of 0°C in order to secure thermoneutral
conditions for the animals (Nilssen et al. 1984). The
outlet air was pulled from a hole through the top of
the respiration chamber via a tube that was connected
to a negative pressure air pump that provided an
airflow of 120–140 l · min−1. Air flow was measured
with a mass flow meter (type G-40, Elster A/G
Mainz). The flowmeter was checked against a Singer
DTM-325 volumeter that had been controlled by
running known volumes of air from a mechanical
spirometer through it. Small openings at the bottom
rear wall of the chamber allowed fresh inlet air to
enter. A fan circulated the air inside the box in order
to secure that the respired air from the animal could
not leave through the air inlet openings. The concen-
tration of CH4 in both outlet and inlet air was deter-
mined using a Binos-100 methane analyser
(Rosemount), to allow calculation of the methane
production of the animal. Also, the concentration of
O2 was continuously monitored with a 3-SA oxygen
analyser (Applied Electrochemistry), mainly to assure
that the box was always adequately ventilated. Gas
temperature (Tgas, °C) and relative humidity (%) of
the outlet air were recorded using a thermo- and
hygrometer (Vaisala HMI 32), for use in calculation
of water vapour content for STPD corrections of gas
flow. Gas subsamples were drawn from the main air
flow tube and fed into a pressure reduction chamber
via a small pump (Thomas Industries), and from
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there the gas analysers pulled gas via columns con-
taining a drying agent (Calciumchlorid, Merck
KGaA) for removal of water vapour prior to analysis.
Before each experiment, the methane analyser was
calibrated using a certified AGA 99.99% pure N2 as
a zero (baseline), and 997 mol-ppm (0.0997%) CH4 in
N2 as a reference. The oxygen analyser was calibrated
against 99.99% pure N2 and ambient air (20.95% O2)
before experiments and then checked manometrically
at weekly intervals. Analogue signals from all
instruments were digitized by an A/D converter
(PowerLab/16sp, ADInstruments), and then recorded
as 30-s means on a computer using the programme
Chart v5 for Windows (PowerLab, ADInstruments).
Experimental procedures
Methane emission experiments were carried out with
all five reindeer, twice per animal per diet. Hence, a
total of 10 individual recordings per diet were con-
ducted. The diets were either a concentrate feed con-
taining 23.0% oats, 18.9% timothy grass, 16.0% wheat
bran, 11.2% barley, 7.8% beet pulp, 5.0% oat meal
flour, 5.0% molasses, 0.8% soya extract, 1.5% vegeta-
ble fat and 10% premix including vitamins (A, D3, E,
Copper, Selen) (FK Reinfor, Felleskjøpet, Norway) or
mixed lichens (mainly Cladonia stellaris) picked in
Østerdalen, in southern Norway. The lichens were
kept frozen at −20°C until use. To avoid problems
with variable feed intake between individuals during
experiments, we offered all animals a limited amount
of ca. 0.440 kg DM feed during each experiment, to
ensure that there were not feed refusals. The amount
of feed was based on our experiences with food intake
of the experimental animal during training. We also
took into consideration that the feed intake of rein-
deer under natural conditions is much reduced in
winter (Larsen et al. 1985). Prior to the experiments,
the reindeer were given ad libitum access to the
relevant feed in a four-week habituation period, to
allow both the digestive tract and the gut microflora
time to adapt to the feed. The last week before the
measurements, the reindeer were given the same
restricted amount of feed that was given during the
experiment, thereby adapting the animals to the
experimental feed rations. As a consequence, the ani-
mals lost some body mass during the course of the
experiments (Table 2). The animals were kept inside
approved animal indoor pens at the department dur-
ing both the habituation and experimental periods.
The water contents of the lichens and pellets were
determined prior to the experiment, to allow calcula-
tion of the wet weight of feed that would correspond
to 0.440 kg DM. The feed was kept in plastic bags at
−20°C until thawing, 2 h before feeding.
Pilot experiments showed an immediate response
in methane emission to feeding pellets, while it took
more than 12 h for methane emission to return to
baseline levels (background levels before feed). In
order to obtain the best possible estimate of the
daily methane emission on each specific diet and
daily ration, we aimed to conduct measurements
over a full 24 h cycle. However, to allow repeating
measurements, change of experimental animal and
resetting of equipment, measurements were con-
ducted for 23 h, while the 24th h was extrapolated.
As stated above, methane emission was determined
twice for each animal on each diet. To allow the animals
to rest between experiments, these were not on conse-
cutive days. One measurement with animal no. 10 on
the lichen diet was excluded because outlet gas by mis-
take was not analysed during the first 3 h of that
experiment. All experiments started at 09:10.
Concentrations of CH4 and O2 of the outlet (animal)
air were recorded for 50 min every hour, followed by
10 min recording of inlet air concentrations, to deter-
mine background gas levels. The average gas concentra-
tion was logged every 30 s. The animals were fed 2 h
into the experiment, to keep their normal routine, and
to allow a 2-h recording of baseline methane levels prior
to feeding. Water was not offered until about 6 h into
the experiment, to avoid spillage of food due to mixing
with water. Lights were on during all experiments to
permit continuous surveillance of the animal via a video
camera. Body mass was determined before and after
each experiment.
Calculations
The mean hourly differences in gas concentrations
(Δ CH4 and Δ O2, in %) between outlet and inlet air
were determined based on 50 min of outlet air record-
ing, and the 2 × 10 min of inlet air recording before
and after each outlet air recording. On shifting
between sampling of outlet and inlet air, 2–5 min
passed before the dead space gas in the system had
been replaced. Therefore, only the last 45 min of the
outlet air recording and the last 5 min of the two inlet
air recordings were used for hourly gas concentration
calculations. The hourly STPD-corrected volume of
methane emitted (VCH4 (l · h
−1)) was calculated as
follows:
VCH4 ¼ Δ% CH4  0:01 60 FlowSTPD (1)
FlowSTPD (l· min
−1) is the dry air flow at standard tem-
perature Ts (273.15 K) and pressure Ps (760 mmHg), as
recorded with the mass flowmeter and then corrected by
subtracting the vapour content of the gas. This was
calculated based on the following equation (modified
from Vaisala 2013):
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FlowSTPD ¼ FlowSTP  ðFlow ððRH=100Þ  4:59
 ð10^ðð7:6 x TgasÞ=ð241 þ TgasÞÞÞ=PÞ
(2)
RH is relative humidity (%), Tgas is the gas tem-
perature (°C) and P is air pressure (mmHg). The
hourly mean amount of methane emitted (mCH4;
g· h−1) was calculated as follows:
mCH4 ¼ Ps  VCH4  MCH4ð Þ= R  Tsð Þ (3)
Ps, VCH4 and Ts are as defined above (for Eqn. 1),MCH4
is the molar mass of CH4 (16.043 g · mole
−1) and R is
the gas constant (62.36 l · mmHg · K−1 · mole−1).
Methane emission during the 24th h that was not
recorded was estimated as the mean of the emission
during the first and the 23rd h. The total daily
methane emission (VCH4, TOT; l · day
−1) on the experi-
mental diets was then calculated by summing all
hourly emission.
Gross energy lost as methane was determined by
multiplying the total daily STPD-corrected methane
emission (VCH4, TOT; l · day
−1) by the energy content
of methane (ECCH4 = 39.45 kJ · l
−1) (Brouwer 1965;
Suzuki et al. 2007). Daily energy loss by methane emis-
sion (ECH4), as expressed in % of daily GEI, is then:
ECH4 ¼ VCH4; TOT  ECCH4
 
=GEI
  100 (4)
GEI is equal to the product of the calorific value
(kJ · g−1) of the feed (Table 1) and the daily DM
intake of the feed (g · day−1), i.e., the ca. 0.440 kg
of pellets or lichens that was offered to the reindeer
each day.
Oxygen uptake rates (VO2; lO2 kg
−1 day−1) were
calculated in the same way as the methane emission
rates, based on the STPD-corrected air flow and the
difference in O2 concentration between inlet and out-
let air and assuming an RQ of 1.
Chemical analyses of the diet
Prior to each experiment, subsamples from different
locations of the feed-storage-container were collected,
to obtain representative samples of the feed. The
samples were stored at −20°C for later analyses. The
water content was determined by weighing each sample
before drying (wet weight) and after drying, at first at
60°C, then at 110°C, until completely dry (dry weight).
Samples were placed in previously dried beakers and
stored in containers holding dried silica gel (Chemi-
Teknik AS) to prevent them from attracting moisture.
A mixture of the representative samples from each
experiment (400 g pellets, n = 2 and 300 g lichens, n = 3)
was used for the chemical analyses that were performed
by Eurofins Food & Agro Testing Norway AS.
The calorific values of the dry feeds were deter-
mined by use of an oxygen bomb calorimeter, type
PARR 6300 (Thermo Fisher Scientific). The crude
protein content was determined according to the
Kjeldahl method (European Commission Directive
93/28 m). To determine fat content, 5 g of the sample
was covered with a fat-free wad of cotton wool, before
extraction with light petroleum for 6 h in an extractor
and oven-dried for 1.5 h, followed by weighing. The
ash content was determined by gradual heating of the
weighed (5 g) samples until carbonization. Samples
were then placed in a muffle-furnace at 550°C until
the ash was white, light grey or reddish. Water-soluble
carbohydrates were extracted with boiling water. The
amounts of glucose and fructose were enzymatically
determined after acid hydrolysis (Boehringer
Mannheim 1984). The amount of starch was deter-
mined according to the Chatteris Laboratory of ASL
Food and Pharmaceutical using their standard method
AM/C/401 based upon European Commission
Regulation 152/2009. Starch content was corrected
subtracting the aqueous alcohol extract reading
(sugars) from the total optical rotation figure (starch
plus sugars). The range of application is 0.1–100 g/
100 g. DM was determined for the same samples and
numbers are given in percent of DM (% DM). Neutral
detergent fibre content was determined in ground
samples that were weighed before adding 100% neutral
detergent solution and sodium sulphite prior to incu-
bation for 16 h in a 90°C oven. Amylase was added 1 h
before the end of incubation. After filtering through
tarred crucibles with fitted discs and washing with
water, the crucible was dried overnight and weighed.
The neutral detergent fibre content was derived from
the weight difference before and after treatment (Chai
& Udén P 1998). Acid detergent fibre and acid deter-
gent lignin contents were determined according to
Robertson & Van Soest (1981), using the permanga-
nate method, as performed by the Department of Soil
and Environment, Swedish University of Agricultural
Sciences (Skara, Sweden). Neutral detergent fibre
represents the total cell wall content of hemicellulose,
cellulose and lignin, while acid detergent fibre is a
subcomponent of the neutral detergent fibre, contain-
ing cellulose and lignin. The lignin content of the feed
is given as acid detergent lignin.
Table 1. Chemical composition of the mixed lichen diet and





Calorific equivalent (kJ· g-1 DM) 18.5 ± 0.05 17.4 ± 0.85
Dry matter (%) 88.9 ± 0.10 38.2 ± 1.86
In % of dry matter:
Crude protein 12.7 ± 0.10 < 2.6a
Fat 4.7 ± 0.16 1.7 ± 0.16
Ash 7.8 ± 0.10 < 2.6 a
Water-soluble carbohydrates 5.9 ± 0.05 0.1 ± 0.06
Starch 22.6 (n = 1) 6.0 (n = 1)
Neutral detergent fibre 34.8 ± 0.29 82.2 ± 1.13
Acid detergent fibre 1.9 ± 0.01 3.4 ± 0.45
Acid detergent lignin 7.2 ± 0.21 2.0 ± 0.10
a Below the detection level.
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Statistical analyses
The statistical analyses were performed using R 3.4.1
for Windows (R Development Core Team 2017). We
analysed the variation in methane emission per day,
and per day per kg, mass-specific VO2 (resting oxygen
uptake rate), and the proportion of GEI lost as
methane, using identically structured linear mixed
models fitted with the lmer function from the lme4
package (Bates et al. 2015). Specifically, we considered
three alternative models with either feed type, feed
type and date, or the full factorial term (i.e., feed type
× date), as covariates. All models also included a ran-
dom intercept for ‘“subject id”’ to account for repeated
sampling, which improved model fit in all cases (mean
± SE ΔAIC: 4.9 ± 1.5). We compared the AIC for all
original models (fitted with Maximum Likelihood),
and selected the model with the lowest AIC as our
final model. When ΔAIC for alternative models was
< 2, we selected the most parsimonious model as final.
We then refitted this model with Restricted Maximum
Likelihood (Zuur et al. 2009), and calculated degrees of
freedom using the Satterthwaite approximation
(lmerTest package; Kuznetsova et al. 2017).
Diagnostics plots confirmed that the model of percen-
tage of gross energy intake lost as methane performed
better with an untransformed response variable than
with logit- or arcsine square root-transformed values
(the final model structure did not differ depending on
different transformations). Body mass variation
between feeding treatments was compared in a
mixed-effects model (fitted with lmer from the lme4
package) with body mass as the dependent variable,
feed type as a fixed factor, and subject ID as a random
factor. Apart from results on feed composition and
energy content, which are presented as means ± SD,
data in tables and text are least square means ± SE
(estimated using the lsmeans package; Lenth 2016),
and all significances are two-tailed.
Results
The concentrate feed produced for reindeer
(Felleskjøpet, Norway) contained high concentrations
of crude protein, fat, ash, water-soluble carbohy-
drates, starch and acid detergent lignin compared to
the lichens (mainly Cladonia stellaris) diet (Table 1).
The lichen diet consisted mostly of carbohydrates
extracted in the neutral detergent fibre fraction of
the chemical analysis (82.2 ± 1.13% of DM), in addi-
tion to starch comprising 6.0% DM (Table 1).
The average body mass and DM feed intake was
61 ± 1.34 kg (n = 5) and 0.434 ± 0.003 kg on the
concentrate feed, and 53.4 ± 1.34 kg and
0.450 ± 0.053 kg on the lichen diet (Table 2). The
reindeer had a similar intake pattern for both diets,
and finished their meal within the first hour after
feeding either pellets or lichens.
Table 2. Parameter estimates, degrees of freedom, and F and p values for final models. For interactions,
estimates represent the slope of the relationship between the dependent variable and the covariate for each
of the factor levels. For main effects, estimates are the least squares means as predicted for the final model.
For main effects in interaction models, estimates are the least squares means disregarding any other factors/
covariates in the model. Degrees of freedom were estimated using the Satterthwaite approximation.
Parameter Estimate (SE) df F p
Total methane emission (g d−1)
Feed (Pellets | Lichens) 1, 13.54 16.93 0.001
Feed = Pellets 11.173 (0.542)
Feed = Lichens 7.498 (0.545)
Julian date (1 = 1 January) −0.049 (0.005) 1, 14.89 4.60 0.049
Feed ×× Julian date 1, 11.97 8.94 0.011
Feed = Pellets 0.004 (0.026)
Feed = Lichens 0.111 (0.037)
Specific methane emission (g kg−1 d−1)
Feed (Pellets | Lichens) 1, 14.37 26.15 < 0.001
Feed = Pellets 0.1834 (0.0095)
Feed = Lichens 0.1405 (0.0097)
Julian date (1 = 1 January) −0.0006 (0.0001) 1, 14.73 10.70 0.005
Feed ×× Julian date 1, 12.58 16.65 0.001
Feed = Pellets 0.0002 (0.0005)
Feed = Lichens 0.0029 (0.0007)
Specific VO2 (lO2 kg
−1 d−1)
Feed (Pellets | Lichens) 1, 13.23 35.08 < 0.001
Feed = Pellets 7.917 (0.205)
Feed = Lichens 6.790 (0.210)
Proportion gross energy lost as methane (ECH4)
Feed (Pellets | Lichens) 1, 12.94 107.12 < 0.001
Feed = Pellets 0.0760 (0.0037)
Feed = Lichens 0.0523 (0.0037)
Body mass (kg)
Feed (Pellets | Lichens) 1, 14.00 99.32 < 0.001
Feed = Pellets 60.980 (1.341)
Feed = Lichens 53.325 (1.341)
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Methane emission from reindeer increased in
response to intake of the concentrate feed, and was
elevated for the following 8–12 h, while methane
emission from reindeer fed lichens did not increase
above baseline levels in response to feeding (Fig. 1).
The mean methane emission from reindeer fed
lichens was 7.5 ± 0.54 g · day−1, compared to
11.2 ± 0.54 g· day−1 from reindeer fed the same DM
amount of pellets (Table 2). This difference was sig-
nificant (p = 0.001). There was also a difference
(p < 0.001) between the two feeds when methane
loss was expressed in terms of energy loss in % of
GEI (ECH4; %): lichens: 5.2 ± 0.37%; pellets:
7.6 ± 0.37%. Calculated as methane yield, the reindeer
fed pellet emitted 25.7 ± 1.24 g/kg DMI, while the
reindeer fed lichens emitted 16.6 ± 1.21 g/kg DMI.
There was a clear interaction effect (F = 8.94,
p = 0.011) between feed and (Julian) date while the
animals were fed lichens (Table 2).
The oxygen concentration of the outlet air never
dropped below 20.48%, showing that the respiration
chamber was well ventilated at all times. The mean
mass-specific oxygen uptake rate (VO2) was signifi-
cantly higher (F = 35.08, p < 0.001) when the reindeer
were fed pellets (7.92 ± 0.20 lO2 · kg
−1 · day−1) than
when fed lichens (6.8 ± 0.21 lO2 · kg
−1 · day−1).
Discussion
This study has shown that reindeer fed lichens
emitted significantly less methane compared to
when fed concentrate pellets in equal (DM mass) or
equi-caloric amounts (Table 2), even when the lesser
body mass of lichens-fed animals was taken into
account (methane emission was 0.1834 g/day/kg
body mass on a pellets diet versus 0.1405 g/day/kg
body mass on a lichen diet [F = 26.15, p < 0.001]).
Several factors may have caused this difference.
Secondary phenolic compounds in the diet, energy
intake and relative proportions of volatile fatty acids in
the rumen all have the potential to influence methane
production in ruminants (Lawler 2001). More than
600 different secondary compounds have been
reported in lichens, including a large amount of the
antibiotic usnic acid (Sundset et al. 2010). Such plant
secondary metabolites may have a direct toxic effect on
the rumen methanogens or their symbiotic protozoa
and thereby contribute to reduce methane emission
(Bodas et al. 2012). A mixed lichen diet dominated by
Cladonia stellaris, such as the one fed to our reindeer
in this present study may contain as much as 9.1 mg x
g-1 DM of the secondary compound usnic acid
(Sundset et al. 2010). Microbial fermentation in the
reindeer rumen has been shown to allow detoxifica-
tion of dietary secondary compounds (Sundset et al.
2008; Sundset et al. 2010), but the mechanistic effects
of lichens on methanogens and thereby on emission of
methane from reindeer remain unknown. A recent
study by Salgado-Flores et al. (2016), examining the
effect of lichens consumption and the consumption of
a concentrate feed on the rumen and caecum micro-
biotas in reindeer, showed that the overall density of
methanogens was independent of diet. The archaeal
and bacterial diversity differed significantly in both
compartments, depending on diet (Salgado-Flores
et al. 2016). These altered methanogen and bacterial
profiles may explain the significantly lower methane
emission from reindeer fed lichens compared to when
fed concentrate pellets. We know from other rumi-
nants that methanogens belonging to the genus
Methanobrevibacter are predominant in the rumen
(King et al. 2011). Methanobrevibacter-related
sequences are distributed between two major clades,
Figure 1. Mean hourly methane emission rates (± S.D.) (gCH4· h
−1) by reindeer (n = 5) during 24h (data for the last hour
extrapolated). The reindeer were fed 2 h into the experiment (arrow), with a concentrate feed (solid line/closed symbols) or a
mixture of lichens (dashed line/open symbols).
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the SGMT clade and the RO clade (King et al. 2011; St-
Pierre &Wright 2012). Sequences within a host tend to
group phylogenetically either within the SGMT or the
RO clade, so that hosts with a large representation of
the SGMT group, typically have lower representation
of the RO group and vice versa. Salgado-Flores et al.
(2016) found a decreased ratio between methanogens
of the SGMT clade and methanogens of the RO clade
with the ingestion of lichens in reindeer, suggesting an
increased proportion of RO-methanogens associated
to lower CH4 output as discussed in other ruminants.
Furthermore, Salgado-Flores et al. (2016) demon-
strated a lower abundance of predicted genes asso-
ciated with CH4 metabolism in lichen-fed reindeer,
supporting our findings that methane emissions are
reduced in lichen-fed reindeer.
Both nitrogenous compounds and carbohydrates are
needed to produce microbial cells, volatile fatty acids
and methane (Wolin &Miller 1988; Ørskov 1992; Moss
et al. 2000). The different proportions of these in the
lichens and pellets (Table 1) could therefore also explain
the observed difference inmethane emission. For exam-
ple, an increased intake of starch often decreases
methane emissions (Johnson & Johnson 1995). In the
present study, lower methane emissions were observed
in reindeer fed lichens compared to concentrate pellets.
Lichens consist of many different carbohydrate frac-
tions, with large differences in composition between
the different species eaten by reindeer (Svihus &
Holand 2000). Lichenin, also known as lichenan or
moss starch, is a chemically complex glucan, occurring
in certain species of lichens. Some lichens are high in
lichenan, e.g., Cetraria islandica (27% of DM) and C.
nivalis (18% of DM). These were both part of our lichen
diet in addition to larger amounts of Cladonia stellaris,
which contains less lichenan (0.1% of DM; Svihus &
Holand 2000). Our chemical studies (Table 1) showed
that the lichens mix used in our study contained 6.0%
DM starch.
On the other hand, fermentation of proteins typically
results in less volatile fatty acids compared to fermenta-
tion of carbohydrates (Sveinbjörnsson et al. 2006). Less
methane would therefore be expected to be produced
on the more protein-rich pellets diet (12.7% of DM;
Table 1). This was not the case in the present study,
possibly because of the much lower protein content in
lichens (< 2.6% of DM), which may have been too low
to sustain sufficient microbial growth, thereby causing
lower fermentation and low methane production.
Lichen’s protein content is too low to allow reindeer
to maintain a net balance of protein, so the animal has
to mobilize body proteins and therefore loses body
mass, as normally seen in late spring in reindeer
(McEwan & Whitehead 1970), compared to when
they were fed pellets in January/March. Hence, reindeer
require a combination of lichens and vascular plants to
maintain a stable body mass in winter. Wintergreen
parts of graminoids contain 10% protein, approxi-
mately the same amount as concentrate feed
(Storeheier et al. 2002). This additional nitrogen source
on natural pastures may prevent mobilization of muscle
protein, but might also affect the methane emission
from reindeer differently from when measured here
on the lichen diet.
The results of the present study can, of course, not
be directly extrapolated to free-ranging animals on
natural pastures, because of the different feeding con-
ditions, diet and intake. For example, studies of other
ruminants have shown that methane emission
increases with increasing intake (Blaxter &
Clapperton 1965). Great variability in methane emis-
sion across successive days has been noticed in multi-
day trials and is to a great extent related to variable
intake of food (e.g., Jonker et al. 2016). In the present
study we did not record methane emission during
consecutive days, but rather for two individual days
per animal per diet. In contrast to many other stu-
dies, we standardized the level of intake to a given
amount of food so that all of it was eaten in one batch
at the beginning of each experiment. This removed
the factor of DMI, which is a main determinant of
total methane production in ruminants (Ramin &
Huhtanen 2013).
Methane energy losses relative to GEI may vary
between 2 and 15% in other domesticated ruminants,
but mainly range between 5 and 6.5% (Blaxter &
Clapperton 1965; Holter & Young 1992; Johnson &
Ward 1996). Our data from reindeer were within (for
lichens) or slightly above (for concentrate feed) this
range. The variable methane emission from different
ruminants may, of course, be related to species and
body size, but also to dietary compositions, differ-
ences in gut anatomy and differences in their gut
microbiomes (Blaxter & Clapperton 1965).
In order to compare methane emission from rein-
deer with those from other herbivores further, we
have also performed a pilot study with an identical
experimental set-up and design, using Norwegian
sheep (Ovis aries). Our study of sheep also indicated
a depression in mean methane emission in relation to
GEI, from sheep (n = 2) fed lichens (2.8 ± 1.0%)
compared to sheep eating the concentrate reindeer
feed (5.0 ± 0.9%) (Nilsen 2013). In both reindeer and
sheep, the methane emission rate increased markedly
after intake of the concentrate feed, while intake of
lichens did not cause any detectable change to the
basal emission rate.
Comparing CH4 emission between different diets
and even more so between different studies is chal-
lenging because data on methane emission are pre-
sented using different units. We have presented our
data in g CH4/day and CH4 in % of GEI (ECH4)
(Table 2). ECH4 relates methane emission to the
energy intake and hence to the chemistry (energy
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contents) of the feed, and to the amount of feed
eaten, but does not take into account, e.g., differences
in the in vivo DM digestibility of the different feeds.
When the digestibility of energy increases, energy lost
as methane also increases (Blaxter & Clapperton
1965). We know that the reindeer rumen microflora
has evolved to degrade/detoxify lichen secondary
compounds, and that reindeer are highly adapted to
utilize lichens as a substrate for nutrients (Sundset
et al. 2008; Sundset et al. 2010; Glad et al. 2014). In
the present study, we used a lichen diet dominated by
Cladonia stellaris but also containing small amounts
of other lichen species included in the winter diet of
reindeer. Storeheier et al. (2002) showed that the
chemical composition and the in vitro digestibility
of lichens eaten by reindeer varies considerably.
However, in vivo digestibility of mixed lichens, con-
sisting primarily of C. stellaris similar to our lichen
diet, has been found to be high in reindeer (69–81%
DM digestibility) (Jacobsen & Skjenneberg 1975,
1979; Øksendal 1994). Although we do not know
the DM digestibility of the concentrate feed presently
used, we do know from previous studies that the in
vitro DM digestibility of RF-80 (a concentrate rein-
deer feed from the same company—Felleskjøpet—
resembling the reindeer feed used in our study) was
60.7% (Storeheier et al. 2002). Hence, digestibility
studies of lichens in reindeer show that the utilization
is high (69–81%), possibly even higher than that of
the concentrate diet. Assuming a higher digestibility
of lichens than that of pellets, reindeer need to eat
less lichens than pellets to gain the same amount of
energy and methane emission would be even higher
on pellets compared to lichens than if only ECH4
values are compared between the diets (i.e., 58%
higher instead of ca. 50% higher, as we now report).
A higher content of starch in the concentrate feed
compared to the lichen diet (Table 1) may also in part
explain the significantly higher output of methane by
our pellet-fed animals (Table 2).
When the residence time in the rumen decreases
with the increasing passage rate, the time available for
microbial fermentation decreases and so does
methane production. Rapid passage rate also favours
propionate production (Moss et al. 2000). Since the
rumen turn-over time in reindeer fed lichens is long
(23–69 h according to Aagnes & Mathiesen 1994), the
passage time does not seem to explain the low
methane production in reindeer fed lichens.
Furthermore, Johnson et al. (1996) found that pellet-
ing of forages decreases the methane production, as a
result of an increase in passage time (Le-Liboux &
Peyraud 1999). However, these effects are not appar-
ent when food intake is restricted, as it was in our
experiments.
In conclusion, methane emission from reindeer
was lower when fed a lichen diet compared to a diet
of pellets feed normally used for supplementary feed-
ing. This may be due to the low nitrogen content or
the antimicrobial components of the lichens.
Supplementary feeding has increased in Saami rein-
deer husbandry to ameliorate difficult winter condi-
tion, which is crucial for reindeer survival and
production (Tyler et al. 2007). This study indicates
that reindeer emit less methane when eating lichens
instead of concentrate feed.
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